Monolayer structures and epitaxial growth of vapor-deposited crystallinephthalocyanine films on single-crystal copper substrates were studied using low-energy electron diffraction. At monolayer coverage, ordered layers of copper-, iron-and metal~free phthalocyanines were obse~ved on both Cu(lOn) and C~(lll). With increasing film thickness, ordered"multilayer structures of these phthalocyanines were also seen on both substrates at 300K surface temperature. All threephthalocyanines had identical monolayer and multilayer surface structures on Cu(100}.
Introduction
In recent years, low-energy electron diffraction (LEED) has been developed into a very important technique for determining surface atomic geometri es of metals and i norgan; c semi conductors. 1 Studi es of the structural properties of the surfaces of organic crystals have been largely neglected. In this paper we report the application of low-energy electron di ffracti on to the study of the surface structure of several phthalocyanine crystals.
Many organic systems whose surface structures would be of particular interest are composed of molecules of high molecular weight and thus low vapor pressure making them suitable for study under vacuum conditions at room temperature. These systems include substances which exhibit unique surface structure and activity such as polymers, porphyrins and biochemical membranes. Although crystals of many of these organic solids can be grown from solution, the difficulties associated with removal of the solvents and transfer to the ultra-high vacuum conditions required for surface studies are severe. Instead, we ha~e chosen to work with molecules that can be sublimed under vacuum conditions. Crystalline films were prepared by epi taxi a 1 growth upon condensation from the vapor on to single crystal surfaces.
The study of molecular solids presents several special. difficulties when low energy electrons are used as experimental probes. These solids are electrical insulators although some (like Phthalocyanines) have sufficient conductivity at 300K to be classified as organic semiconductors.
Thus there can be a build-up of surface space-charge under electron bombardment. Furthermore, electron bombardment can stimulate chemical -3- changes in the molecules. Despite these difficulties, Tow-energy electron diffraction has been successfully used to determine the surface structure of ice and naphthalene crystals epitaxia11y grown from the vapor on a Pt(l1l) substrate. 2 The molecular crystals in these studies were grown at low temperature (-150K) because of the high vapor pressure of these o materials. If the thickness of the crystal was maintained below -1000 A, no difficulty with space-charge build-up was experienced. Electron beam damage to these materials, although present, was not so severe as to prohibit LEED measurements.
In this paper LEED measurements of the surface structure of Cu-, Fe-and metal-free phtha10cyanines are reported. Epitaxia1ly grown crystalline films of these materials were successfullY grown on Cu (111) and Cu(100) substrate surfaces. All three phthalocyanines were found to yield ordered monolayers on both copper surfaces in the early stages of deposition. The initial layers formed on Cu(1ll) were similar but not identical for the different phthalocyanines indicating the influence of the central netal atom in the initial bonding to thenetal substrate.
Continued deposition produced a crystalline film consisting of oriented crystallites with surface planes inclined to the surface plane of the substrate. This growth plane was found to be identical for the different phthalocyanine molecules but different from that expected for bulk phthalocyanine crystals. The orientation of the crystalli~es with respect to the substrate~ that is, the expitaxy, differed for the different molecules showing the effect on the growth habit of the central metal atom bonding to the substrate in the monolayer.
-4-On the -Cu(lOO) substrate, all three phthalocyanines studied exhibit the same surface structure for both a monolayer and a multilayer deposh.
Although the phthalocyanine surface structure was similar to that found for a multilayer deposit on Cu(lll), the surface plane was oriented parallel to the substrate surface.
Surface space-charge effects and electron beam damage were negligible during studies of these phthalocyanines.
Experimental Procedures
The phthalocyanine molecule is planar with a molecular structure as shown in Fig. 1 . The molecules studied haveH 2 (metal-free), copper or iron in the central position, M. Phthalocyanines deposited from the vapor generally grow as one of two polymorphic foms depending on deposition conditions. 3 The structure of the stable f3 form of Cu-phthalocyanine is illustrated in Fig. 2 . The crystal structure parameters of the phthalocyanines studied here are summarized in Table I .
The deposition and observation of the phthalocyanine films were carried out under ultra-high vacuum (UHV) conditions. The apparatus, shown schematically in Fig o 3 , consists of a commercial, ion pumped LEEOAuger system with a base pressure of about 5xlO-10 Torr. A quadrupole mass spectrometer and a sublimation source for production of a phthalocyanine beam were added to the basic system. The phthalocyanines were commercial powders 5 used without further purification with the exception of an initial degassing in the UHVchamber for about one hour at -500K. After this treatment, there is no increase in the system total pressure recorded by an ion gauge,J located out of line-of-sight of the sublimatGr when the sublimator is operating. The mass spectrum for metal-freephthalocyanine, o 0 0 045 U 4 2 2 4 -5-obtained with the quadrupole mass spectrometer in line-of-sight of the sub1imator, is shown in Fig. 4 . Although the mass range of the quadrupole mass spectrometer does not allow. the observ?tion of the dominant parent ion peak in the mass spectrum, the fragments observed at lower masses are in general agreement with the previously reported mass spectrum for metalfree phtha10cyanine. 6 The constant ion gauge pressure indicates that the low mass speaks, not shown in the published spectra, are also fragmentation products where not accounted for by the system background spectrum.
At sub 1 i mati on temperatures from 550-650K,depos ition rates of from 1-10 layers/minute could be produced as judged by the rate of appearance and disappearance of the LEED pattern characteristic of monolayer coverageo The term monolayer refers to a single closely packed layer which, because of the large size of the phthalocyanine molecule, corresponds to about one molecule for every 30 copper atoms. The coverage is related to an incident flux by assuming a sticking probability of the phtha10cyanine .
molecule on both clean copper and on previously deposited phtha10cyanine of unity. This is justified since the effective beam pressure at the crystal (10-9 _10-8 Torr) is much higher than the room temperature vapor pressure of the phtha10cyanines (_10-14 Torr).
The substrates used were the (l00) and (111) faces of copper. These surfaces were cut from single crystal rods and polished to within 1/2 0 of the specified orientation using standard metallographic techniqueso Clean surfaces were produced in the UHV chamber by cycles of argon ion bambardment followed by annealing to 700K. A surface free of impurities, primarily sulfur and carbon, could be produced in this way, as demonstrated -6- by Auger spectroscopy. The LEED pattern after this cleaning treatment was also characteristic of a clean, well-ordered copper surface. 7
Resul ts
The surface structure of the deposited phthalocyanine layer was obtained from the observed LEED pattern. The thickness of the phtha10cyanine film was estimated by using the rate of deposition determined by the time ~tructures of phtha10cyanine shown in Fig. 2 and Table I . The deposited film has either a different bulk crystal structure than those previously reported or has a surface which is rearranged from its bulk structure.
The same structures are seen for Fe-and metal-free phthalocyanine as well.
The initial adsorbed layer is known to play an important role in determining epitaxy in fi1mgrowth. 
The exact angles between the substrate and crystallite axes, listed in Table II, Thermal desorption results again indicate that the first-layer phthalocyanine molecules are strongly bound since decomposition takes place before desorption. This is true for all three phtha10cyanines studied indicating that the dominant bonding to the metal substrate is through the phthalocyanine ligand rather than the central metal atom.
Deposition on a Pt(lll) Substrate
The deposition of Cu-phtha10cyanine was also studied on a Pt (111) substrate. Only very diffuse fractional order beams could be observed for monolayer coverages of Cu-phthalocyanine. There is, thus, only very poor.
ordering in the surface layer. Because the diffraction beams were not well resolved, it was not possible to determine a surface unit mesh for th iss tructure.
A multilayer deposit of Cu-phtha10cyanine on Pt(ll1) was found to exhibit no ordered structure. This is in agreement with previous observations with other molecules that ordering in a multilayer depends very critically on the state of order in the initial monolayer film. 2) Cu-phthalocyanine monolayers grown on a Pt(lll) surface exhibit only very poor ordering. This poor monolayer order results in no observable ordering of the multilayer Cu-phthalocyanine film on this substrate.
3)
Ordered multilayer deposits can be grown on both the Cu(lll) and Cu(lOO) substrates. Electron beam damage to the phthalocyanine molecule is not observed. Space charge effects due to electron bomba rdment are not apparent below an incident electron energy of 25eV.
4)
The surface st~uctures observed for the multilayer deposits of the phthalocyanines on both substrate faces, Cu(lll) and Cu(lOO), are not those of any plane in the bulk crystal structure of the phthalocyanines.
The monolayer surface structures observed for the various phthalocyanines on the two copper substrates are summarized in Table II hydrocarbons. Thus the adsorbed phthalocyanine molecules will be less copper strongly i nfl uenced by the~\substrate and may themselves determi ne the packing on the surface. The lattice constant is considerably different, (-.0%) for copper and platinum which may also affect ordering of the phtha10cyanine monolayer. Work is planned on a silver substrate which has a lattice constant nearer to that of platinum but electronic properties more like copper in an attempt to determine which of these factors is more important.
Ordered multilayer' deposits of phthalocyanine molecules could be observed by low-energy electron diffraction with no apparent electron beam induced chemical effects. This appears consistent with the general trend for molecules with highly conjugated electron systems to be more stable under electron bombardment than other organic molecules. Surface space charge accumulation did not interfere with low-energy electron diffraction measurements although the di ffraction pattern di sappearedabruptly at -2SeV, being replaced by only diffuse halos above this energy. Since the pattern reappeared equally abruptly when the energy was lowered, there was clearly no permanent surface damage. This behavior is thus attributed · -15-to a build-up of surface space-charge possibly due to an unfavorable secondary electron emission coefficient.
The surface structures observed for the multi-layer phthalocyanine films are summarized in Table II . These structures do not correspond to planes of either of the 'previously reported crystal structures of vapor deposited phthalocyanine films 9 since the' unit mesh constants repor~~(Lin .).,-this work are considerably smaller than those previously reported. Our unit mesh dimensions correspond much closer to a unit cell containing one Ilnlecule rather than for example the four molecules per cell reported for a-phtha 1 ocyani nee Thi s structural di ffe.rence coul d be .due to either a rearrangement of the surface region or the growth of an enti rely different crystal structure due to the constraints of the substrateo The latter situation is very possible since the deposition conditions reported previously8 were very different than those used in thi~ experiment. Our substrate was a clean metal surface maintained at room temperature whereas reported results were for deposition on muscovite and alkali halides maintained at 423K. No epitaxy was reported below this temperature. Our observation of epitaxial growth at room temperature is possibly the result of using a metal substrate and clean surfaces even at room temperature which was not the likely case in the previous work that \'1as carried out in poorer vacuum. Fig. 2 Orientation of molecules in the bulk crystal structure of the stable B form of metal-free phtha10cyanine. After Kitaigorodsk1i. ..... 
